The excretion of recombinant proteins into the culture medium is a preferred approach over cytoplasmic expression because of the high specific activity and ease of purification. However, cell lysis is one of a major problem during the excretion of recombinant protein due to the pressure build up in the periplasmic space through overproduction of the expressed recombinant protein. Cell immobilization is a promising solution for the improvement of protein excretion with reduction in cell lysis. In this study, the effect of cross linkers concentrations on the process of cell immobilization for the cyclodextringlucanotransferase (CGTase) excretion and cell viability were investigated. The hollow fiber membrane was treated using different concentrations (0.3, 0.67 and 1%) of cross linkers namely glutaraldehyde (GA), poly-L-lysine (PLL) and polyethylenimine (PEI). The optimum concentration of cross linkers was found to be 0.3% with the high excretion of CGTase. Interestingly, the immobilized cell on the non-treated hollow fiber membrane showed up to 15% increment of CGTase excretion with 55% reduction of cell lysis, as compared to the immobilized cells on the treated hollow fiber membrane. It could be concluded that, the low concentration of cross linkers exhibited the highest CGTase excretion. Moreover, the non-treated hollow fiber membrane is a promising approach for attachment of cells to the membrane without requiring treatment with any chemicals for the production of recombinant enzyme.
Introduction
In recent years, there has been great interest in the production of heterologous proteins by utilizing recombinant DNA technology. Some of these heterologous proteins have already been produced at the industrial level. However, the recombinant protein products accumulate in the microorganisms especially when using Escherichia coli(E. coli) as a host. Therefore, the excretion of these proteins to the external medium would be attractive with regard to further downstream processing and the stability of the protein product. However, the excretion of heterologous proteins remains problematic. In E. coli, excretion always correlates with non-specific leakage and cell lysis. Thus, it becomes a challenge when the recombinant protein needs to be excreted with low cell lysis. Using the cell immobilization method, increased protein excretion with reduction in cell lysis can be achieved. The advantages for the use of immobilized cells include the preservation of plasmid-bearing cells, decreased risk of contamination and protection of the cells from environmental stresses [1] [2] [3] . Therefore, the cell immobilization could reduce the occurrence of cell lysis.
Cross linking of immobilization support with chemicals is a common approach in order to strengthen the attachment of microbial cells to the solid support 4 and to improve both mechanical and chemical stability of the support, resulting in better retention and higher viability of cell, thus improve the product formation 5 . Generally, cross linking of immobilization support with chemicals involve two steps, first activation of the support and secondly binding the cell to the activated support. The glutaraldehyde (GA), poly-L-lysine (PLL) and polyethyleneimine (PEI) are the most frequent cationic cross linking agents that are effectively used in immobilization system. However, the immobilization procedure using cross linking agent generally incompatible with cell viability since the cross-linkers were highly toxic to the microbial cells thus decreased the productivity 6 . According to Krastanov 7 , GA was the best cross linker for the immobilization of yeast cells on wool. However, Bishtet al. 8 reported that the use of GA as a crosslinker exerted an adverse effect on immobilized P. aeruginosa entrapped in agarose for lipase production. Meanwhile, the treatment of supports with PEI enhanced the immobilization of cells to the bead 9 and cotton 10 . Therefore, the choices of cross linkers with suitable concentration for cell immobilization are the significant factors affecting the product formation and long-term stability of immobilized cells.
In the present study, hollow fiber membrane was employed as the matrix for immobilization of E. coli for the excretion of cyclodextringlucanotransferase (CGTase) with a low occurrence of cell lysis. The cross linkers were used to strengthen the attachment of E. coli to the hollow fiber membranes. The effects of cross linkers' concentrations were studied to determine the optimum concentration for the high CGTase excretion with low cell lysis. To the best of our knowledge, there have been no studies on the effect of crosslinkers on the immobilization of recombinantE. coli using the hollow fiber membrane for the excretion of CGTase.
Methodology

Bacterial strain and cell immobilization
The recombinant E. coli strain carrying CGTasefrom Bacillus G1 was constructed previously by Jonet et al.
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. E. coli JM109 strain and E. coli BL21 (DE3) strain were chosen to be the hosts for the cloning and expression, respectively. pET system from Novagen was used as the vector backbones for cloning. Hollow fiber membranes (50 cm), consist of polyvinylidene fluoride (PVDF) polymer, products from Advanced Membrane Technology Research Center (AMTEC), Universiti Teknologi Malaysia was chopped to the required size (5 cm length) and then was sterilized at 15 psi 121°C.
The effect of crosslinkers[glutaraldehyde (GA), poly-L-lysine (PLL) and polyethyleneimine (PEI)] concentration on CGTase excretion and cell viability of the immobilized cell was studied using concentrations of 0.30, 0.67 and 1.00 % based on the study conducted by Chu et al. 12 . The hollow fiber membranes were rinsed with the sterile distilled water and dried. Then, the dried hollow fiber membrane was soaked in the respective solution of the cross linkers at difference concentrations (0.30, 0.67 and 1.00%) for 3 h. The treated membranes was washed with sterile distilled water and transferred into 50 ml LB medium (10g/l tryptone, 5g/l yeast extract, 5g/l NaCl) supplemented with 100 µg/ml ampicillin. The hollow fiber membrane was cultivated with cells from a glycerol stock at 37°C and 200 rpm. After 18 h (optimization time for cell immobilization), the membrane was thoroughly washed with the sterile water to eliminate the non-immobilized cells. The immobilized cells were then transferred to 250-ml flasks containing 50 ml of expression medium, namely super optimal broth, SOB (20 g/l tryptone, 5 g/l yeast extract, 0.5 g/l NaCl, 0.186 g/l KCl and 2.4 g/l MgCl 2 ) supplemented with 100 µg/ml ampicillin. The expression was conducted using 0.011 mM IPTG at 25°C and 200 rpm until 24 h of post induction time.
The un-treated hollow fiber membrane was used as a control in the experiment and has the same growth and expression conditions with the treated hollow fiber membrane.
Analytical methods
CGTase activity was determined using the phenolphthalein assay 13 . One milliliter of substrate buffer containing 40 mg/ml soluble starch in 0.1 M phosphate buffer, pH 6.0 was added to 0.1 ml protein sample and incubated at 60 °C for 10 min. The reaction was terminated by the addition of 3.5 ml of 30 mM sodium hydroxide. Then, 500 µl of 0.02% (w/v) of phenolphthalein in 5 mM sodium carbonate was added to the reaction mixture and incubated for 15 min at room temperature. The reduction in color intensity was measured at 550 nm. One unit of enzyme activity was defined as the amount of enzyme that forms 1 µmol of β-cyclodextrin from soluble starch per minute under the experimental condition.
Cell lysis was quantified by determining the amount of β-galactosidase in the extracellular medium using 0-nitrophenyl-β-D-galactopyranosid (ONPG). A total of 1 ml of substrate buffer containing 4 mg/ml of ONPG in 0.1 M phosphate buffer (pH 7.4) was added with 0.1 ml of sample before it was incubated in 37°C water bath for 10 min. The reaction was stopped by adding 0.5 ml of 1 M sodium carbonate and the absorbance was read at 420 nm. One unit of enzyme activity was defined as the amount of enzyme that forms 10 -8 moles of ONP per min under the experimental condition.
Results and Discussions
Cross linking of the immobilization matrix with a cross linker is a common approach in order to strengthen the attachment of microbial cells to the matrix 4 . In this study, the treatment of hollow fiber membrane with crosslinking agents was conducted to improve the binding capacity and strengthen the attachment of the cells to the hollow fiber membrane because there are high possibilities of cells detachment during the expression. The glutaraldehyde (GA), poly-L-lysine (PLL) and polyethyleneimine (PEI) are the frequent cationic crosslinking agents that are effectively used in the immobilization system 9 .
The hollow fiber membrane was treated using different concentrations (0.3, 0.67 and 1%) of cross linkers (GA, PLL and PEI). The expression of immobilized cell using treated membrane was conducted at 25 °C, 0.011 mM IPTG and pH 8.8 until 24 h of post induction time. As shown in Figure 1 , the hollow fiber membrane treated with 0.3% crosslinkers exhibited the highest CGTase excretion compared to other concentrations, in which the PEI demonstrated the highest CGTase excretion with 785.73 U/ml of CGTase activity, followed by GA (748.21 U/ml) and PLL (728.94 U/ml). Helanderet al. 14 stated that PEI increased the permeability of the outer membrane of gram-negative bacteria. As the permeability of the outer membrane increased, the CGTase excretion to the extracellular medium was also improved. It was observed that higher concentrations of cross linkers (GA, PLL and PEI) significantly reduced the CGTase excretion. The CGTase excretion was decreased to 739.44 U/ml, 718.61 U/ml and 715.31 U/ml when the hollow fiber membrane was treated with 0.67% PEI, PLL and GA, respectively. Meanwhile, 1% of crosslinkers showed the lowest excretion of CGTase with 715.51 U/ml of CGTase activity using PEI-treated membrane, 694.18 U/ml of CGTase activity using PLL-treated membrane and 693.14 U/ml of CGTase activity using GA-treated membrane. The decrease of CGTase excretion was the result of the high concentration of crosslinkers that adversely affected the viability of the immobilized cells 6 . The high concentration of crosslinkers would bind to the outer cell surface 15 and potentially block or seal the outer membrane of the cells 16 . This phenomenon effectively prevented or decreased the access of substrate and oxygen to the cells. Moreover, the high concentration of crosslinkers penetrated into the cytoplasmic membrane and acted directly with the cell system 15 , thus affected the cell viability. As shown in Figure 2 , the high level of β-galactosidase in the culture medium indicated that the high concentration of crosslinkers caused detrimental effect on the immobilized cell. The β-galactosidase activity increased up to 58% (41.27 U/ml of β-galactosidase activity) and 23% (24.64 U/ml of β-galactosidase activity) when 1% PLL and 1% GA were used as the cross linkers compared to 0.3% PLL and 0.3% GA, respectively. As illustrated in Figure 2 , the β-galactosidase activity of the immobilized cell decreased as the concentration of PEI increased. The β-galactosidase activity was 33.81 U/ml at 0.3% PEI and 20.34 U/ml at 1% PEI. The high concentration of PEI was reported to affect the cells in a negative sense 17 due to the precipitation of PEI in huge cluster that adhered to the cell surface.
Insufficient nutrients transportation led to the retardation of cell replication. It is suggested that, low number of cells (due to the retardation of cell replication) on the hollow fiber membrane reduced the chances for cell lysis to occur. Therefore, 0.3% was selected as the optimal concentration of cross linkers (GA, PLL and PEI) for the stronger attachment of cell to the matrix because of the high CGTase excretion with low occurrence of cell lysis.
The hollow fiber membrane treated with 0.3% of cross linkers together with the non-treated membrane (as a control) was used to investigate the CGTase excretion and cell viability of the immobilized cells. The expression of immobilized cell was conducted at 25ºC of post induction temperature, 0.011 mM IPTG and pH 8.8. Table 1 shows the CGTase excretion of the immobilized cell using the non-treated and treated membrane. The highest CGTase activity of the immobilized cell was exhibited by the non-treated membrane (819.19 U/ml), followed by treated membrane with PEI (798.46 U/ml), GA (753.72 U/ml) and PLL (714.48 U/ml). The non-treated membrane displayed the highest CGTase excretion due to the effective interaction (three mechanisms of interactions which are two electrostatic interactions and a hydrophobic interaction) between the membrane and the cells 18 .
The PVDF hollow fiber membrane used in this study consists of hydrogen atoms (positively charged) and fluoride atoms (negatively charged) and behaves as a hydrophobic polymer [19] [20] . In addition, most bacterial cell surfaces exhibit a net negative charge under common physiological conditions [21] [22] . First, the E. coli cells were effectively adsorbed onto a PVDF membrane through the electrostatic interactions between the positively charged PVDF surfaces and the negatively charged cells. Second, the interactions between the positively charged domains on the cell surface and the negatively charged surface of membrane also contributed to another electrostatic interaction. The positively charged domains, which consist of unique combinations of polysaccharides, proteins, carbohydrates, DNA and lipids promoted the formation of biofilms [23] [24] [25] . Third, the hydrophobic interactions at a very close distance also significantly contributed to the cell adsorption onto a membrane 26 . However, when the membrane was treated with the cross linkers, the membrane surface became positively charged and interacted with the negatively charged cells. Therefore, the adsorption of E. coli on the treated membrane only involved electrostatic interactions between the negatively charged cells and the positively charged surfaces of membrane (one interaction) compared three interactions that were responsible for the adsorption of E. coli on the non-treated membrane. It is suggested that, the strong attachment of cells to the non-treated membrane resulted in the highest CGTase excretion. Kawagutiet al. 5 reported that the production of isomaltulose from immobilized Erwinia sp. D12 increased when calcium alginate beads treated with 0.06% of glutaraldehyde was used, which was contradicted to the finding of this study. It was found that the isomaltulose production increased because of the high cell retention and the high physical strength of the treated beads during fermentation compared to the non-treated beads. Moreover, Chu et al. 12 reported that viscose fiber treated with 0.667% PEI was found capable of immobilizing the most viable recombinant E. coli. The PEI is a highly branched cationic polymer and has been widely used as a crosslinker to enhance the attachment of the cell to the matrix 27 . The interaction that occurred between the negatively charged cells to the positively charge PEI increased the attachment of the cell to the viscose fiber. However, the present study showed that the non-treated membrane produced higher CGTase excretion compared to the treated membrane may probably be due to the three mechanisms of interaction (two electrostatic interactions and a hydrophobic interaction) which were responsible for the effective attachment of E. coli cells to the PVDF membrane. Therefore, it could be concluded that the non-treated hollow fiber membrane is a promising approach for attachment of the cells to the membrane without requiring treatment with any chemicals for the production of recombinant enzyme.
As tabulated in Table 1 , the un-treated hollow fiber membrane exhibited the lowest occurrence of cell lysis compared to the treated hollow fiber membrane with 15.30 U/ml of β-galactosidase activity. The findings could be due to detrimental effect caused by the crosslinkers on the cell system 15 , which in turn alter the expression characteristics that reduced the CGTase excretion and enhance the occurrence of cell lysis.
Conclusion
The low concentration of crosslinkers leads to a significant excretion of CGTase with the high cell viability. Interestingly, the immobilized cells on the non-treated hollow fiber membrane showed the high CGTase excretion with reduction of cell lysis compared to the treated hollow fiber membrane. The approach using non-treated hollow fiber membrane demonstrated to be a promising strategy to produce more CGTase excretion especially during reusability process and will be valuable for the excretion of recombinant proteins in E. coli.
